Ridge and trough terrain is a common landform on icy satellites of the outer solar system. Examples include the grooved terrain on Ganymede, gray bands on Europa, coronae on Uranus's moon Miranda, and ridges and troughs in the northern plains of Saturn's small, but active, moon Enceladus.
Regardless of setting, the heat flow and strain rates associated with the formation of each of these terrains are similar: heat flows of order tens to a hundred milliwatts per meter squared, and deformation rates of order 10 −16 to 10 −12 s −1 . Barr (2008) and Hammond and Barr (2014a) have previously shown that the conditions associated with the formation of ridge and trough terrain on Ganymede and the south polar terrain on Enceladus are consistent with solid-state ice shell convection in a shell with a weak surface. Here, we
show that sluggish lid convection can simultaneously create the heat flow and deformation appropriate for the formation of ridge and trough terrains on a number of satellites. This conclusion holds regardless of the thickness of the satellites' ice shells. For convection to deform their surfaces, the ice shells must have yield stresses similar in magnitude to the daily tidal stresses exerted by the gravitational pull from their parent planets. This suggests that tidal and convective stresses must act together to deform the surface, and that the spatial pattern of tidal cracking on the surfaces of the moons controls the locations of ridge and trough terrain.
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Introduction
Each of our solar system's outer planets, Jupiter, Saturn, Uranus, and
Neptune, harbors a family of regular satellites ranging from ∼200 to 2600 km in radius. Most of these moons have mean densities 1000 kg m −3 < ρ < 2000 kg m −3 , in between the values inferred for ice and silicate rock (ρ i =920 kg m −3 and ρ r =3000 kg m −3 ), suggesting mixed ice+rock compositions. Many of the satellites show signs of endogenic resurfacing, some in the form of extensional tectonics, which may occur as organized systems of sub-parallel ridges and troughs, so-called "ridge and trough terrain," or as systems of either large canyons (e.g., Ithaca Chasma on Tethys), or smaller faults (e.g., "wispy" terrain on Dione). Radiogenic heating supplies a modest heat flow in the interiors of most moons, with surface heat fluxes of order one to tens of mW m −2 (Spohn and Schubert, 2003; Hussmann et al., 2006; Schubert et al., 2007) . Thus, much of the endogenic resurfacing is thought to have occurred early in the satellites' histories, when additional sources of heat from accretion, short-lived radioisotopes, and/or differentiation were available to drive resurfacing.
Organized groups of sub-parallel ridges and troughs, which we refer to as "ridge-and-trough terrain," occurs in a number of settings on various satellites. Examples include Ganymede's grooved terrain (see Pappalardo et al. 2004 for discussion), Europa's bands (Prockter et al., 2002; Stempel et al., 2005 ), Miranda's coronae (Pappalardo et al., 1997; Hammond and Barr, 2014b) , and swaths of ridges and troughs in the northern plains of Enceladus . Each of these terrains are characterized by sub-parallel ridges and troughs with kilometer-scale spacing (see Table 1 ). The fault spacing implies a shallow brittle/ductile depth and thus, a high thermal gradient at the time of formation (e.g., Nimmo et al. 2002) . Some of the terrains, such as Europa's bands, subdued grooves on Ganymede, and Elsinore corona on Miranda, are bounded by a sharp groove, and seem to represent sites of emplacement of fresh material from the subsurface (e.g., Pappalardo and Sullivan 1996; Sullivan et al. 1998; Head et al. 2002) . Other terrains, such as Arden corona on Miranda and ridge systems on Enceladus appear to be sites of extension without complete lithospheric separation (Pappalardo et al., 1997; .
Although other satellites show evidence of tectonics, closely spaced subparallel ridges and troughs seem to occur primarily on satellites that have experienced tidal flexing, which provides a large heat source and a possible means of lithospheric weakening. When the orbital periods of satellites within the same system are integer multiples, gravitational interactions between the bodies increase their orbital eccentricities and/or inclinations (Malhotra and Dermott, 1990; Meyer and Wisdom, 2008) , leading to the periodic raising and lowering of a tidal bulge. If the satellite has a subsurface liquid water ocean, which appears to be common (Zimmer et al., 2000; Kivelson et al., 2002; Hussmann et al., 2006) , most of the tidal energy is deposited in the outer ice I shell of the satellite, which floats atop the liquid ocean and is free to deform (e.g., Ojakangas and Stevenson 1989) . Through the process of tidal heating, spin energy from the parent planet is converted to mechanical energy via tidal flexing of the satellites' interiors, where it is ultimately dissipated as heat. Tidally flexed icy satellites can experience heat flows of tens to a hundred mW m −2 during their time in resonance (e.g., Cassen et al. 1979 Cassen et al. , 1980 Malhotra and Dermott 1990; Meyer and Wisdom 2008; Hammond and Barr 2014b) . The cyclical deformation of the satellites' outermost ice shells may also weaken the near-surface ice, facilitating deformation.
Solid-state convection has long been suggested to play a role in driving deformation on the icy satellites (e.g., Parmentier et al. 1982; Shoemaker et al. 1982; Pappalardo et al. 1998) . However, the relationship between convection and resurfacing remains unclear (see, e.g., Barr and Showman 2009 for discussion). Because the viscosity of water ice depends strongly on temperature (Goldsby and Kohlstedt, 2001) , fluid motions in the ice shells of the outer planet satellites are thought to be confined to a relatively thin layer at the base of the shell, beneath a thick stagnant lid of cold ice that is too stiff to participate in convection. In the stagnant lid regime, convective stresses are too small to deform the near-surface ice, preventing resurfacing and limiting the convective heat flow to ∼ 30 mW m −2 (Barr, 2008) .
Prior work has shown that if the near-surface ice in the shells of Enceladus (Barr, 2008) or Ganymede (Hammond and Barr, 2014a) is extremely weak, convective plumes can reach close to the surface, supplying heat fluxes up to ∼ 200 mW m −2 and ∼ mm/yr deformation rates; this style of convection is known as "sluggish lid" because the near-surface "lid" of cold ice is dragged along by the underlying convective flow (Schubert et al., 2001) . Here, we use numerical simulations of ice shell convection to show that similar rheological parameters can give rise to the heat flows and deformation rates inferred for the formation of several examples of extensional ridge and trough terrain. We determine scaling relationships for the heat flow and strain rate in extensional regions on the satellites and show that these quantities are independent of the thickness of the ice shell. The yield stresses required for sluggish lid behavior are similar in magnitude to the daily tidal stresses on each satellite.
Tides may weaken the near-surface ice and/or provide lines of pre-existing weakness that can be exploited by convective buoyancy stresses to make swaths of extensional ridges and troughs.
Observations

Inferred Formation Conditions
There are several methods by which the effective heat flow during deformation can be estimated from characterization of topography on the surface of a planet. One common approach is to derive an estimate of the thickness of the brittle/elastic layer at the surface of the satellite based on measurements of the dominant spacing between ridges and troughs. The topography measurements can be performed on digital elevation models, or on images (where brightness is taken as a proxy for topography, e.g., Patel et al. 1999) . At the base of the brittle layer, the behavior of the ice is assumed to change from elastic to viscous. Using assumptions about the rheology of ice and the strain rate of deformation, lithospheric deformation models can yield estimates of the dominant wavelength of deformation and its relationship to the the temperature and depth of the brittle/ductile transition (e.g., Dombard and McKinnon 2001; Bland et al. 2010 ). The temperature and depth of the brittle/ductile transition depth can be used to estimate the thermal gradient and thus, the heat flow.
A second common approach is to estimate the effective elastic thickness of the ice shell by looking for flexural uplift near deformed terrains (e.g., Nimmo et al. 2002) . The deformed terrain is assumed to represent a load emplaced on the lithosphere, which drives flexural warping. The wavelength of the flexural deformation is proportional to the thickness of the elastic portion of the lithosphere. An assumption of strain rate and ice rheology can yield an estimate of the temperature at which the ice behavior transitions from elastic to viscous. Similar to the method based on fault spacing described above, the temperature at the base of the elastic layer and the elastic layer thickness permit an estimate of heat flow. (Goldsby and Kohlstedt, 2001) , constraints on strain rates are much looser. Minimum and maximum strain rates are often estimated based on the ages of the terrain (e.g., a feature estimated to be τ = 1 Gyr old could have formed with a strain rate as low asε ∼ 1/τ ∼ 3 × 10 −17 s −1 ).
Uncertainties in thermal gradient are typically a factor of ∼ 2, and strain rates may be constrained only to within several orders of magnitude. These uncertainties are reflected in the values listed in Table 1 .
Morphology
Roughly two thirds of the surface of Jupiter's ice/rock moon Ganymede (with radius R =2631 km and mean density ρ =1940 kg m −3 ), is covered with bright, relatively young "grooved terrain," swaths of sub-parallel ridges and troughs, often within a sharp bounding groove (see Pappalardo et al. 2004 for discussion). Groove lanes are ∼ 10 to 100 km wide (Collins et al., 2000) and contain groups of sub-parallel ridges and troughs spaced by ∼ 1-2 km, superimposed on broad pinches and swells ∼8 km apart (Patel et al., 1999) .
The double wavelength structure of grooved terrain is most readily created by extensional necking at strain rates ∼ 10 −16 to 10 −13 s −1 in an ice shell with a very high thermal gradient, ∼ 5 to 30 K km −1 Bland et al., 2010) . Flexural studies indicate heat flows at the time of deformation between 80 to 200 mW m −2 (Nimmo et al., 2002) . This heat flow is far in excess of that implied by radiogenic heating (Dombard and McKinnon, 2001) , suggesting that the terrain formed during Ganymede's passage through an orbital resonance, which may have also triggered global ice/rock separation and the formation of an ocean . Some groove lanes, so-called "subdued grooves," show signs of extensive strike-slip motion and may be sites of emplacement of fresh material from beneath ).
Features called "bands" on Jupiter's moon Europa (R =1569 km; ρ =3040 kg m −3 ) share morphological similarities with the subdued grooves on Ganymede and with terrestrial mid-ocean ridges (Prockter et al., 2002) . Bands are lanes of sub-parallel ridges and troughs roughly 6 to 25 km wide, characterized by a central trough, a hummocky zone, and sets of imbricate fault blocks (Prockter et al., 2002) with ∼0.5 km spacing (Stempel et al., 2005) . Similar to subdued grooves on Ganymede, bands appear to be sites of complete lithospheric separation and emplacement of fresh material from below (Schenk and McKinnon, 1989; Pappalardo and Sullivan, 1996; Sullivan et al., 1998) . Stempel et al. (2005) Table 2 ), this corresponds to a heat flow of 15 to 150 mW
The surface of Uranus's icy moon Miranda (R = 236 km; ρ = 1200 kg m −3 ) is dominated by three zones of intense deformation, dubbed "coronae."
Coronae are 200−300 km in diameter, polygonal to ovoidal in shape and have concentric outer belts of sub-parallel linea (Smith et al., 1986) . The outer belts of each corona have distinct morphologies. Arden corona has concentric ridges and troughs with ≈ 5 km spacing and 2 km or relief. Inverness corona has ridges and troughs whose spacing increases with increasing distance from the corona center (Pappalardo et al., 1997) . Elsinore corona has relatively widely spaced ridges and troughs with subdued topography (Schenk, 1991) .
The outer belts are interpreted as normal faults and cryovolcanic materials (Greenberg et al., 1991; Schenk, 1991; Pappalardo et al., 1997) and each corona is consistent with forming under concentric tensional stresses that ra-diated from the feature's center . Topography along the flanks of Arden corona suggest the surface may be supported by flexure and that the elastic thickness during corona formation was likely ≈ 2 km, suggesting a thermal gradient of 8 − 20 K km −1 (Pappalardo et al., 1997) . With a thermal conductivity of 4.2 W m −1 K −1 , this implies a heat flow of 34 to 84 mW m −2 . Such a large thermal gradient could be generated by energy dissipation in Miranda's interior during an orbital resonance with neighboring satellite Umbriel (Tittemore and Wisdom, 1989) . Convection driven by tidal heating during resonance can match the distribution of surface deformation and the thermal gradient implied by flexure.
Saturn's small moon Enceladus has two types of ridge and trough terrain. Its south polar terrain, a ∼ 70, 000 km 2 quasi-circular region, is a site of intense tectonic deformation and high regional heat flow, with a power output measured by the Cassini CIRS instrument at 3-7 GW (Spencer et al., 2006) . Much of the thermal emission is being emitted from four sub-parallel linear features dubbed "tiger stripes," which are also sites of eruptions of water ice particles with small amounts of silicate and salt (e.g., Porco et al. 2006; Waite et al. 2006; Postberg et al. 2009 ). Regions in between the tiger stripes are characterized by sub-parallel folds with a spacing of 1.1 ± 0.4 km and a funiscular texture, reminiscent of ropy pahoehoe (Barr and Preuss, 2010) . A simple folding model shows that strain rates 10 −14 to 10
can recreate the observed fold spacing (Barr and Preuss, 2010) . Away from the south polar terrain, Enceladus has several large systems of extensional ridge and trough terrain with a dominant spacing between faults ∼ 3-4 km . Creating such short-wavelength features requires an effective elastic thickness of only 0.4 to 1.4 km, implying a local heat flow F ∼ 110 to 220 mW m −2 at the time of deformation , similar to the heat flow currently estimated for the south polar terrain.
Methods
The high heat flow and intense deformation of the south polar terrain of Enceladus led many to suggest that the terrain represented a region where the near-surface ice was weak, permitting convective plumes to reach close to the surface (Barr, 2008; Roberts and Nimmo, 2008; O'Neill and Nimmo, 2010; Han et al., 2012) . Here, we use numerical simulations of ice shell convection to determine whether the heat flow and deformation rates arising from this style of convection is consistent with those inferred for the formation of ridge and trough terrains on each of the icy satellites.
Model
We simulate convection using the finite element model CITCOM (Moresi and Solomatov, 1995) . The vigor of convection is expressed by the Rayleigh number,
where ρ is the density of ice, g is the acceleration of gravity, α = 1.56 × Kirk and Stevenson, 1987) is the coefficient of thermal expansion, ∆T is the difference in temperature between the surface (T s ) and basal (T b ) ice, D is the thickness of the ice shell, κ = 1.47 × 10 −6 (250 K/T b ) 2 m s −2 is the thermal diffusivity (Kirk and Stevenson, 1987) , and η b is the basal viscosity. Table 2 summarizes values of these parameters used for each satellite in the study. We vary the ice shell thickness between ∼ 10 and 100 km, consistent with ice shell thickness estimates for each of the satellites.
We use a temperature dependent Newtonian rheology for ice (cf., Solomatov 1995),
where γ = θ/∆T and θ = ln(∆η), where ∆η = η 0 /η b is the ratio between the viscosity at the surface of the ice shell and its base. We use a value of η b = 3 × 10 14 Pa s, close to the melting point viscosity of ice for a nominal grain size d = 0.1 mm (Barr and McKinnon, 2007; Barr, 2008) .
The effect of a finite yield stress in rock and ice is commonly modeled in purely viscous convection models such as CITCOM by setting max(η) ≈ σ Y /ε II , where σ Y is the yield stress of the convecting material (described by Byerlee's law; Beeman et al. 1988 ), andε II is the second invariant of the strain rate tensor (e.g., Trompert and Hansen 1998; Moresi and Solomatov 1998; Showman and Han 2005; O'Neill and Nimmo 2010) . Here, we use a simpler approach, where we simply limit the viscosity of ice to a constant value, between 10 2 to 10 5 times larger than the basal viscosity (Barr, 2008; Hammond and Barr, 2014a,b) . In a Newtonian fluid, sluggish lid behavior occurs for ∆η 10 4 to 10 5 (Solomatov, 1995) . We favor a simpler approach because it limits the number of free parameters in our calculations, allowing us to focus on the relationship between the behavior of the near-surface ice and its rheology. Figure 1 illustrates the values of Ra b and ∆η explored in our study. Our simulations are performed in an 8×1 two-dimensional Cartesian domain with 1024×128 elements, with periodic boundary conditions (Hammond and Barr, 2014a) . The surface and base of the ice shell are held at constant tempera-tures T s and T b , implying that the ice shell is heated purely from its base.
Although we imagine that ridge and trough terrain is formed in ice shells undergoing active tidal flexing and heating, the details of how the mechanical energy of tidal flexing is converted to heat in the satellites interiors are not well understood (see e.g., Barr and Showman 2009 for discussion). Here, we focus on basally heated ice shells with the knowledge that the details of internal heating are not likely to change the behavior of the upper thermal boundary layer (Solomatov, 2004) where the ridge and trough terrain will be formed.
Outputs
Simulations are run until the dimensionless heat flow, or Nusselt number (Nu) has reached a statistical steady state, so that
has converged to the 10 −5 level (Solomatov and Moresi, 2000) . We measure the strain rate,ε x = dv x,sf /dx , where v x,sf is the x−velocity at the surface.
The surface experiences extension whereε x > 0. In these regions, we record the average heat flow, Nu ext , and the strain rate,ε ext . Successful simulations are those in which both of these quantities matches the values in Table 1 .
Results
Heat Flow
The heat flow across the convecting ice shell is related to the Nusselt number,
where k = 651/T W m −1 K −1 is the temperature-dependent thermal conductivity of ice, which we evaluate at T = T s + 1 2
∆T (see Table 2 ). For Newtonian convection, the relationship between the Rayleigh number and Nusselt number, Nu ∼ Ra 1/3 (see Schubert et al. 2001 for discussion). Moresi and Solomatov (1998) propose that the relationship for sluggish lid convection has the form,
, where b ≡ 1/3. We find a good fit between our Nu data and this function (see Appendix Appendix A). However, here we are interested primarily in the value of Nu in extensional zones, Nu ext , for which a = 0.48 ± 0.09, b = 0.31 ± 0.009, and c = 14.21 ± 2.7 (see Appendix Appendix A for discussion). In general, Nu ext /Nu ∼ 2. The heat flow in extensional zones,
is essentially independent of D because b ∼ 1/3 and Ra ∝ D 3 . If we impose b = 1/3 and evaluate the Rayleigh number, we can obtain a rough estimate of F ext ,
where, for ease of application to the icy satellites, we have evaluated the viscosity at the base of the ice shell, η b . Any weak dependence of F ext on D arising because b = 1/3 is due to limitations of our numerical model (resolution and domain width) and should not be construed as physically meaningful. Figure 2 illustrates the range of ∆η values for which F ext matches geological constraints for the formation of Europa's bands, Miranda's coronae, Enceladus' South Polar Terrain, the fold belts in the northern plains of Enceladus, and Ganymede's grooved terrain. We find that ice shells with 10 2.5 < ∆η < 10 4.25 can create heat flows high enough to create each of these features. Ice shells with 10 3.25 < ∆η < 10 3.5 are consistent with the creation of each of the four sets of features we consider. This range of ∆η is also consistent with the heat flow and morphology of convective upwellings required to create the global tetrahedral distribution of Miranda's coronae (Hammond and Barr, 2014b) .
Deformation Rates
In isoviscous convection, the velocity of near-surface material, v x,sf ∝ Ra 2/3 0 (Solomatov, 1995) . Thus, we expect the near-surface strain rateε x , to be related to the surface Rayleigh number,
where κ/D 2 is used to convert from non-dimensional strain rate output by CITCOM to strain rate in s −1 . Fits to our data give a e = 0.42±0.12 and b e = 0.71 ± 0.03. Note that similar to the heat flow,ε ext should be independent of the ice shell thickness, D, if b e = 2/3. Again a weak dependence on D arises from limitations in our numerical model due to resolution and box width, but this should not be interpreted as a means of constraining D from terrain morphology. Figure 3 illustrates how the strain rates in extensional zones predicted by equation (7) vary as a function of ∆η and the thickness of the ice shells on Europa, Ganymede, and Enceladus. Strain rates associated with the formation of Europa's bands are readily obtained for a wide range of ∆η. The low strain rates associated with grooved terrain formation imply ∆η 10 3.25 .
Strain rates predicted for the Enceladus SPT can be created only in very weak shells with ∆η < 10 3.75 , but strain rates associated with the formation of ridges and troughs in the northern plains are created for a wide range of ∆η.
Discussion
Extensional ridge-and-trough terrain is a common landform on tidally flexed icy satellites. Examples include the grooved terrain on Ganymede, bands on Europa, Miranda's coronae, and ridges and troughs in the northern plains of Enceladus. On each of these satellites, the spacing between ridges and troughs is of order a kilometer, up to ten kilometers. Each of these terrains is inferred to form in an ice shell with a high thermal gradient, and thus, heat flow. Strain rates between about 10 −16 and 10 −12 s −1 (see Table   1 ) are consistent with the spacing between ridges and troughs observed. Our numerical simulations of convection in an ice shell with a weak surface show that the heat flow and strain rate associated with ridge and trough terrain can be created by sluggish lid convection. This conclusion holds on each satellite regardless of the thickness of the ice shell because the heat flow and strain rate are independent of D.
We also find that a single (albeit narrow) set of rheological parameters, 10 3.25 < ∆η < 10 3.75 can give rise to conditions appropriate for the formation of all of the terrains. By limiting the value of ∆η to less than 10 4 to 10 5 , we are mimicking the effect of weak near-surface ice. A crude estimate of the ice strength in our model, σ y ∼ η 0εext , implies that the near-surface ice must have a yield strength ∼ 1 to 300 kPa for sluggish lid behavior. This yield stress is many orders of magnitude lower than that inferred for the yield stress of ice based on terrestrial field studies (Kehle, 1964) and laboratory experiments (Beeman et al., 1988) . However, the formation of the cycloidal cracks on Europa (Hurford et al., 2007b) , the timing and duration of plume eruptions on Enceladus (Hurford et al., 2007a) , and the putative eruptions on Europa (Roth et al., 2014) , suggest that the modest daily tidal stresses exerted on these bodies are capable of cracking near-surface ice. These tidal stresses are of similar magnitude to σ y (Hurford et al., 2007b,a; Wahr et al., 2009 ).
This suggests to us that the stresses from tides and the stresses from solidstate convection are both required to create ridge and trough terrain. The cyclical tidal flexing of the ice shells has been suggested to produce a significant amount of heat in the shells via tidal dissipation (e.g., Ojakangas and Stevenson 1989) . However, we suggest that the cyclical flexing is also modifying the structure of the near-surface ice, at the macro-and possibly micro-scale. and Callisto (no tidal flexing and no endogenic resurfacing); and Enceladus (tidally flexed) and Mimas (no tidal flexing and no endogenic resurfacing). If convection can only drive deformation along lines of weakness, this might explain, for example, the global degree-2 pattern of grooved terrain on Ganymede (Patterson et al., 2010) . Convection may also create ridge and trough terrain by pulling apart pre-existing tidal cracks in the satellites' ice shells. On Europa, reconstruction of pre-existing features across bands suggests that these features represent locations of the emplacement of new material (Pappalardo and Sullivan, 1996; Sullivan et al., 1998) . When the regions of fresh material are removed, the remaining landform resembles a simple ubiquitous europan crack in the ice shell (see, e.g., Figure 2 of Pappalardo and Sullivan 1996) .
At micro-scales, the cyclical working of the ice shell at low temperatures (where kinetic processes such as grain growth and annealing are slow compared to the timescale of tidal flexing), may introduce cracks and defects in the ice that severely weakens its structure, decreasing its yield stress. Similar processes, along with the presence of pore fluids, may be responsible for decreasing the yield stress of the crust on the Earth, permitting plate tectonics (see, e.g., Kohlstedt et al. 1995 for discussion). Another possibility is that tidal flexing may introduce heat in the near-surface ice, providing thermal softening (Roberts and Nimmo, 2008) which allows for intense deformation driven by convection. In either case, laboratory experiments are needed to clarify the response of ice to cyclical flexing at frequencies and temperature conditions appropriate for the ice mantles of the outer planet satellites.
Here, we have focused on the role of convection in driving, principally, extensional deformation on the icy satellites. Definitive morphological evidence for compression on icy satellites is rare (e.g., Prockter and Pappalardo 2000) . However, recent work by Bland and McKinnon (2012) suggests that low-amplitude compressional folds can form at strain rates and thermal gradients similar to conditions arising in the compressional zones in our simulations (Hammond and Barr, 2014a) . Thus, it may be possible that the seemingly ubiquitous extension on icy satellites may be accommodated by folds that are difficult to detect in existing images. Further images from spacecraft, e.g., the forthcoming ESA JUICE mission, could shed light on the relationship between extension and compression on icy bodies. Newtonian fluid (n = 1), but its exact location is not precisely defined (Solomatov, 1995) . Strain rates associated with grooved terrain formation are achieved for ∆η 10 3.25 . On Enceladus, strain rates in the south polar terrain imply ∆η < 10 3.75 at that location, but the north polar extensional features may form for any ∆η in our study. Solomatov (1995) and Solomatov and Moresi (2000) propose that the Nusselt number is related to the thickness of the upper and lower thermal boundary layers,
Appendix A. Scaling of Sluggish Lid Convection
A.1 Heat Flow
where δ 0 is the thickness of the thermal boundary layer at the cold surface and δ 1 is the thickness of the boundary layer at the warm base of the convecting layer.
For Newtonian fluids, the dependence on Rayleigh number, Nu ∝ Ra 1/3 , holds in both the stagnant lid and constant-viscosity regimes (Solomatov, 1995; Solomatov and Moresi, 2000) . In stagnant lid convection, the value of Nu is largely controlled by the thickness of the upper thermal boundary layer, which is too cold and stiff to permit advective heat transport. The thick stagnant lid serves as a "bottleneck" to heat transport because heat must be transferred across the lid by conduction. The upper thermal boundary layer has a thickness δ 0 ∼ θ 4/3 Ra 1/3 i (Solomatov, 1995) , where Ra i is the Rayleigh number (equation 1) where the temperature-dependent viscosity evaluated in the roughly isothermal convecting interior (in between the boundary layers), (Solomatov and Moresi, 2000) . The bottom thermal boundary layer thickness, δ 1 ∼ δ 0 /θ. Because θ 8 in the stagnant lid regime, δ 0 overwhelmingly controls the value of Nu. This gives rise to the Ra − Nu relationship, Nu ∼ θ −4/3 Ra 1/3 i (Solomatov and Moresi, 2000) . In icy satellite settings, T i is not known a priori, so it is common, and usually not a bad assumption, to set T i ∼ T b , which allows for a rough estimate of Nu (see, e.g.,
McKinnon 2006 for discussion). In constant-viscosity convection, δ 0 = δ 1 and T i is equal to the average between the surface and basal temperatures.
Sluggish lid convection can be viewed as a transitional regime between these two end-members. Olson and Corcos (1980) suggest that in this regime,
i . However, since η i is very poorly constrained for planets other than Earth, Moresi and Solomatov (1998) propose a scaling relationship of form,
in their work on mantle convection for Venus. This is also an advantageous approach for icy bodies (Barr, 2008) . Here, Ra 0 is the Rayleigh number evaluated using η = η(T s ), which can be calculated from the basal Rayleigh number, Ra 0 = Ra b / exp(θ). We expect b ≈ 1/3 but consider it a free parameter. We note that Barr (2008) 
obtained values of a and c by fitting
Nu data (with b ≡ 1/3). However, these fits were constrained by relatively few simulations, all which were performed entirely in 1 × 1 computational domains.
The left panel of Figure A .4 shows how the values of Nu obtained in our simulations vary as a function of Ra 0 . We find that the slope of the Ra − Nu relationship remains constant over several orders of magnitude in Ra space.
We note that we slightly underestimate Nu at high Ra, which is likely due to our limited resolution. The Ra−Nu relationship close to the critical Rayleigh number has a different dependence, likely Ra 1/2 , which would be expected for extremely low-amplitude convection (Solomatov and Barr, 2007) . However, a multivariate least squares fit on all of the Nu values in our data set gives a = 0.23±0.03, b = 0.32±0.007, and c = 9.8±0.12. The right panel of Figure A .4 shows how equation (A.2) compares to the data. The slight discrepancy between model and data at high Nu is due to our numerical resolution.
Here, we are particularly interested in the relationship between physical properties of the ice shell and the heat flow in extensional regions, Nu ext . 
A.2 Strain Rate
In constant viscosity convection, the velocities in the upper thermal boundary layer, v 0 ∝ δ 0 , giving rise to a relationship between v 0 , Ra 0 , and δ 0 of form (Solomatov, 1995) , 
